Proliferation of dermal fibroblasts is crucial for the maintenance of skin. The small Rho GTPase, Rac1, has been identified as a key transducer of proliferative signals in various cell types, but in normal human dermal fibroblasts its significance to cell growth control has not been studied. In this study, we applied the method of RNA interference to suppress endogenous Rac1 expression and examined the consequences on human skin fibroblasts. Rac1 knock-down resulted in inhibition of DNA synthesis. This effect was not mediated by inhibition of the central transducer of proliferative stimuli, ERK1/2 or by activation of the pro-apoptotic p38. Rather, as a consequence of the suppressed Rac1 expression we observed a significant decrease in phosphorylation of c-myc, revealing for the first time that in human fibroblasts Rac1 exerts control on proliferation through c-myc phosphorylation. Thus Rac1 activates proliferation of normal fibroblasts through stimulation of c-myc phosphorylation without affecting ERK1/2 activity.
Fibroblasts are the main cells in the dermis and fulfill vital functions linked to connective tissue synthesis and maintenance. These functions require that fibroblasts perform chemotaxis, attachment on the matrix, cell proliferation and even tissue remodeling. Considerable efforts have been devoted to examine the physiological regulation of skin fibroblasts since altered fibroblast proliferation is observed in several normal [1, 2] and pathological [3] [4] [5] conditions. Some aspects of signaling that regulates proliferation of dermal fibroblasts have not been studied. For instance, the precise role of Rac1 in the mechanisms underlying growth of human skin fibroblasts is still elusive. Rac1 is classified as a member of the Rho family of small GTPases, which function as regulated switches, cycling between inactive GDP-bound state and active GTP-bound state. Primarily, Rac1 has been found to control the organization of actin cytoskeleton components [6] , but subsequently Rac1 has been identified as playing in the control of numerous other cellular processes, including cell growth [7, 8] . In mouse fibroblasts, Rac1 signals to induce proliferation by an alternative pathway parallel to the potent mediator of cell cycle progression, the ERK cascade [9, 10] . In mouse epidermal stem cells, the mechanism by which Rac1 promotes proliferation includes negative regulation of the transcription factor c-myc, a factor inducing epidermal differentiation [11] .
In the present study, we aimed to assess the involvement of Rac1 in the regulation of cell growth in normal human dermal fibroblasts (NHDF). Previously, transfection of human fibroblast cell line WI-26 with active mutant of Rac1 has been found to induce activation of the ERK effector, Elk1 [12] . Thus indirect evidence has been provided that, in contrast to the established mechanism in mouse fibroblasts [9, 10] , Rac1 is able to control the ERK-signaling pathway in human fibroblasts [12] . Here, we investigated this question by mean of RNA interference (RNAi), a procedure intending to achieve selective inhibition of Rac1 expression without alteration of other Rho GTPases [8] . We analyzed the consequences of Rac1 inhibition on the phosphorylation of ERK1/2 and concomitant effects on the rate of DNA synthesis in human skin fibroblasts. The transcription factor c-myc plays as a central promoter of the cell cycle progression in fibroblasts [13] , a role similar to that in autonomously proliferating human epidermal keratinocytes [14, 15] but totally opposing to the pro-differentiation functions of c-myc established in epidermal stem cells [11] . This raises the second question which we examined in our study concerning the functional relationship between Rac1 and c-myc in human skin fibroblasts. As main results, we report three important new data: (1) Rac1 silencing inhibits NHDF proliferation; (2) Rac1 silencing does not disturb basal ERK1/2-and p38-phosphorylation in NHDF; (3) Rac1 silencing in NHDF decreases Ser62/Thr58 phosphorylation of c-myc without affecting c-myc protein expression. Thus we reveal for the first time that Rac1 activates proliferation in human skin fibroblasts with c-myc phosphorylation but without activation of ERK1/2.
Materials and methods
Cell culture. Primary cultures of NHDF were established from skin explants obtained after informed consent during abdominal plastic surgery from healthy donors (Dr. B. Bienfait, Clinique Saint-Luc, Bouge). Fibroblasts were cultured in DMEM medium (BioWhittaker, Cambrex) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 IU/ ml penicillin and 100 µg/ml streptomycin) at 37 °C in a humidified atmosphere containing 5% C0 2 . Cells were seeded at density 1.25 × 10 4 cell/cm 2 and the medium was changed every 2-3 days. Fibroblasts were then passed at confluence by trypsinization with a solution containing 1 mg/ml of trypsin and 0.4 mg/ml of EDTA. Fibroblasts from fourth passage were used in this study. All cells were maintained in serum-free DMEM medium supplemented with BSA (0.1%) for 16 h before all experiments.
siRNA transfection. 21-nucleotide long small interfering RNA (siRNA) desalted, deprotected, and purified by polyacrylamide-gel electrophoresis (PAGE) was purchased from Eurogentec. The following oligoribonucleotides were used to inhibit Rac1: 5'-GAUAAAGACACGAUCGAGA-3' and 5'-UCUCGAUCGUGUCUUUAUC-3'. The sense and antisense oligoribonucleotides were annealed at concentration 100 µM in 50 mM NaCl, 1 mM EDTA, and 10 mM Tris-HCl at pH 7.5. As a control we used the one recommended by the manufacturer: siRNA negative control duplex (Eurogentec, cat # OR-0030-NEG05). Human fibroblasts were transiently transfected with siRNAs by using oligofectamine transfection reagent according to the manufacturer's protocol (Invitrogen). One day before transfection, fibroblasts were split into 24-well plates at a density which ensures cells to reach 50% of confluence on the next day. Then, transient transfection with Rac1-specific siRNA (siRac1) or RNA control duplex (siRNAcntrl) at 100 nM final concentration was carried out in medium without serum and antibiotics. The specific silencing of Rac1 was assayed 3 days after the transfection, as were the other assays.
DNA synthesis assay by [
3 H] thymidine incorporation. Fibroblasts were split in 24-well plate 1 day before transfection. On the next day, at about 50% confluence, fibroblasts were transiently transfected with siRac1 or siRNAcntrl as described above during a 2.5 h incubation. Then the cells were washed and re-incubated in normal culture medium. Forty-eight hours after transfection, the cells were left in serum-free medium for 16 h, including incubation during the last 4 h with 1 µCi/ml [methyl- 3 H]thymi-dine (MP Biomedicals Inc.) added in order to measure the DNA synthesis. Indeed, after the labeling period, the cells were rinsed twice with ice-cold PBS and incubated with 10% trichloroacetic acid (TCA) at 4 °C for 30 min. The precipitates were then washed three times with 5% TCA at 4°C and subsequently solubilized in 500 µl 1N NaOH/0.1% SDS. The radioactivity in 100 µl sample aliquots was counted in Beckman Liquid Scintillation Counter (Beckman Coulter Inc., Fullerton, Ca, USA), then the protein content in each sample was determined using the Bradford method and the results calculated as cpm/µg of protein.
Western blot analysis. After transfection as above, NHDF were cultured in normal medium for 48 h, then in serum-free medium for 16 h. Cells were then washed with cold (4 °C) PBS and lysed in lysis buffer (20mM TrisHCl, pH 6.8, 2% SDS, 10% sucrose, and 50mM dithiothreitol). The protein concentration within the samples was measured using the Bradford assay (Bio-Rad). Proteins (50-120 µg) were separated by electrophoresis through 10% SDS-polycrylamide gel, then transferred onto PVDF membranes (Millipore). The blots were probed with specific primary antibodies: mouse anti-Rac1 (23A8, Upstate Biotechnology); mouse anti-Cdc42 (BD Biosciences); mouse anti-RhoA (sc-418, Santa Cruz); mouse anti-phospho-ERKl/2 (Thr202-Tyr204, cell signaling); rabbit anti-phospho-p38 (Thrl80-Tyrl82, cell signaling); mouse anti-c-myc (Invitrogen Life Technologies, USA); rabbit anti-phospho-c-myc (Thr58/Ser62, cell signaling); and mouse anti-β-actin (AC-15, Sigma). Blots were visualized after incubation with secondary peroxidase-conjugated antibodies (goat antimouse-HRP and goat anti-rabbit-HRP both from Dako Cytomation) and by using chemiluminescence.
Results

Specific Rac1 siRNA reduces Rac1 protein level efficiently
We applied siRNA technique to achieve posttranscriptional suppression of Rac1 protein expression in NHDF by transient transfection with Rac1-specific siRNA duplex (siRac1) in parallel with nonspecific control duplex (siRNAcntrl). Rac1 silencing was documented by immunoblotting (Fig. 1A) and the results reveal a coherent reduction in Rac1 protein level in the siRac1-treated fibroblasts. The targeted inhibition exhibits a highly specific effect, without alteration of the expression of other members of the Rho subfamily (RhoA and Cdc42) (Fig. 1A) .
In order to screen for any particular phenotype induced by siRac1, we looked at the cell morphology by phasecontrast microscopy. Silencing of Rac1 does not show dramatic effect on the fibroblasts morphology (Fig. 1B) .
Rac1 protein suppression inhibits NHDF proliferation
A number of experimental observations have suggested a role of Rac1 in controlling cell proliferation in various cell types [10, 16, 17] . Since the function of Rac1 in controlling the proliferation of NHDF has not been assessed yet, we examined this question. Transient transfection of NHDF with siRac1 or siRNA control duplexes were performed, then 3 days later the consequences of Rac1 silencing on the rate of DNA synthesis were determined by radioactive [ 3 H]thymidine incorporation. When compared to the control, the suppression of Rac1 expression caused an essential 35% inhibition of the rate of cell proliferation (Fig. 2) . 
Rac1 silencing influences NHDF proliferation without changing the basal ERK1/2 phosphorylation and without inducing the phosphorylation of the p38 stress-activated protein kinase
ERK1/2 has a central role in the transduction of proliferative stimuli in most cell types including NHDF [18, 19] . Since we detected inhibition of NHDF proliferation as a result of Rac1 silencing we wondered whether this phenomenon has possibly negative effects on ERK1/2 phosphorylation. For this aim, transient transfection of NHDF with siRac1 or siRNAcntrl was done and 3 days after the transfection treated cells were harvested and their total protein content was extracted for Western blot analyses. Immuno-blotting with specific primary antibody against the active phosphorylated form of ERK1/2 revealed no effects on basal ERK1/2 phosphorylation after inhibition of Rac1 expression, when compared to the control (Fig. 3A) .
In NHDF, the p38 MAPK (stress-activated protein kinase, SAPK) has pro-apoptotic effects opposing to ERK1/2. The p38 is phosphorylated in response to stress and subsequently induces cellular apoptosis [20] . Cholesterol depletion through treatment with methyl-β-cyclodextrin has been identified as a stress able to induce p38-phosphorylation and was used here as a positive control. To investigate the effects of Rac1 inhibition on p38-phosphorylation, the total protein content extracted from NHDF 3 days after their transfection has been analyzed by Western blotting using a primary antibody specific for the phosphorylated active form of p38 (Fig. 3B) . The inhibition of endogenous Rac1 protein does not induce phosphorylation of p38, whereas p38 can be phosphorylated by the treatment with methyl-β-cyclodextrin.
Fig. 2. siRac1 inhibit DNA synthesis in fibroblasts. NHDF were transiently transfected with siRac1 or siRNAcntrl. Forty-eight hours after the transfection, the cells were cultured in serum-free medium for 16 h and incubated during the last 4 h with 1 µCi/ml of radioactively labeled [ 3 H]thymidine. The DNA synthesis was determined as the amount of radioactivity due to [ 3 H]thymidine incorporated into cellular macro-molecules and was expressed in relation to the amount of cell proteins. siRac1-treatment inhibits the proliferation rate of NHDF by 35% in comparison with the control cells. Data are means ± SEM of three independent experiments.
Rac1 silencing in NHDF negatively influences the phosphorylation of c-myc
In the context of the cell-specific signaling events that control proliferation in mouse epidermal stem cells, Rac1 sustains the cellular proliferation through negative regulation of c-myc expression as c-myc activity induces epidermal differentiation [11] . However contrarily to its role in epidermal stem cells, c-myc fulfills different roles in fibroblasts as its activity promotes cell cycle progression [13] .
Thus, since both Rac1 and c-myc function in order to favor proliferation in fibroblasts, we wondered whether they can functionally interact. To answer this question, the protein content of NHDF transfected with Rac1-specific siRNA has been harvested and analyzed by Western blot using antibodies specific for total Rac1, total cmyc or Ser62/ Thr58-phosphorylated-c-myc proteins. After Rac1 silencing in NHDF, a strong decrease of basal c-myc phosphorylation is detected without affecting c-myc protein expression (Fig. 4) . 
Fig. 3. Rac1 silencing does not affect the phosphorylation of ERK1/2 and p38 MAPK. (A) NHDF
Discussion
The role of Rac1 in progression of the cell cycle has been extensively studied in NIH-3T3 mouse fibroblast cell line [10, 21] . Those studies revealed that a constitutively active Rac1-mutant increased cell growth and conversely a dominant-negative Rac1-mutant slowed down growth. Additional experiments with different domain mutants of Rac1 clarified that this Rac1 function on cell growth in fibroblasts are independent of the effects of Rac1 on the cytoskeleton [10] .
Here, we determined whether Rac1 also controls cell growth in low passage NHDF, and we investigated intermediates on which Rac1 exerts control [8] . For this purpose, we have chosen the method of RNA interference in order to selectively and efficiently inhibit the expression of Rac1 [8] . While assessing consequences of Rac1 inhibition on DNA synthesis, our results revealed a decreased cell proliferation which suggests that Rac1 regulates the cell cycle in NHDF.
Detailed studies with mouse NIH-3T3 have found out that Rac1 signaling promotes progression in the cell cycle, functioning as an alternative parallel transduction mechanism to the main proliferative Raf/MEK1,2/ERK1,2 pathway [9] . Indeed, in mouse fibroblasts Rac1 exerts control on the cell cycle without inducing ERK activity [22] . Only one sing1e study has previously given indirect evidence that Rac1 could control ERK1/2 pathway in human fibroblast cell line WI-26 [12] . This conclusion was made based on the observation that active Rac1-mutant induced activation of the well known ERK 1/2 target, Elk1. The functional significance of this activation in relation with the proliferation of NHDF has not been examined. In addition since Elk1 can be activated through phosphorylation not only by ERKs, but also by JNK and p38 MAP kinases [23, 24] , we looked in our study for more direct evidence of functional relationship between Rac1 and ERK1/2. Surprising1y, when we inhibited Rac1 expression, we did not detect any alteration in the phosphorylation of ERK1/2, suggesting that Rac1 is acting on other targets in order to inhibit proliferation of NHDF.
Another possible explanation for the effect of Rac1 suppression on the proliferation of NHDF could involve activation of the p38 MAPK pathway, as this activation has pro-apoptotic functions and suppresses cell proliferation [20] , and thus could explain the higher spontaneous apoptotic population reported in Rac1-null mouse embryonic fibroblasts [9] . However, when we checked the phosphorylation of p38 after siRNA-mediated Rac1 inhibition in NHDF, we could not confirm this hypothesis. Moreover, our observations using phasecontrast microscopy confirm the absence of prominent morphological changes and signs of cell death in the siRac1-treated fibroblasts.
Unlike observations in fibroblasts, Rac1 promotes the proliferation of mouse epidermal stem cells, but in this cell type its effect results from negative regulation of the transcription factor c-myc through the mediator PAK2, and Rac1 deletion results in increased c-myc expression [11] . Although c-myc is a proto-oncogene, in epidermal stem cells it fulfills specific function, promoting differentiation. There are more evidences supporting the hypothesis that c-myc exhibits different features in stem cells differentiation [25] . However, in contrast to epidermal stem cells, c-myc emerges in fibroblasts as an important cell cycle promoter [13] . Since our data according1y suggested proliferative functions of Rac1 in a cell type different than stem cells, we examined in NHDF the possible existence of a functional interaction between Rac1 and c-myc in which both work to promote cell growth. Indeed after Rac1 silencing, we found inhibition of the phosphorylation of c-myc at the sites of growth factor-regulated phosphorylation, Ser62 and Thr58 [26] . In contrast to epidermal stem cells, Rac1 inhibition in NHDF does not alter the normal c-myc expression. The significance of this phosphorylation of cmyc in fibroblasts is well determined: Ser62/Thr58 phosphorylation serves as a mechanism for proper control of the transient accumulation of c-myc in early G1 following the stimulation of cell growth [26, 27] . In a first step, the phosphorylation at Ser62 stabilizes c-myc as a premise for its accumulation. The following phosphorylation of Thr58 depends on the prior phosphorylation of Ser62 since mutation of Ser62 prevents c-myc phosphorylation at Thr58. Thr58 phosphorylation signals for c-myc degradation, the way to prevent cellular transformation by cmyc [26, 28] . During early G1 phase, the elevated c-myc protein plays a critical role in promoting G1/S progression [13, [29] [30] [31] : c-myc induces cell cycle progression in fibroblasts acting as an upstream regulator of G1 cyclin-dependent kinases (Cdk) and antagonizing the action of the Cdk inhibitor, p27. Thus, the inhibition of cmyc phosphorylation observed in our results is directly or indirectly linked to the suppressed expression of Rac1, and is likely the reason for inhibition of proliferation.
In mouse fibroblasts ERK and Rac1 work in parallel to promote G1 progression by induction of cyclin D1 expression [9] . Our data suggest that c-myc may play a role in mediating these effects of Rac1 and ERK. Indeed, it was found in mouse fibroblasts that the ERK activator Ras and also myc impact the cell cycle machinery through the cyclins D [30] .
We report here for the first time that in NHDF Rac1 inhibition affects c-myc phosphorylation at its growth factor-regulated phosphorylation sites (Ser62/Thr58). It has been proven previously that the inhibition of ERK with the selective inhibitor PD098059 also prevents c-myc phosphorylation at Ser62 [32] , but since our experiments demonstrate that suppression of Rac1 inhibits c-myc phosphorylation without affecting ERK phosphorylation, we propose that Rac1 and ERK represent two mechanisms working in parallel which cooperate to regulate c-myc phosphorylation and cell growth in NHDF.
In conclusion, the effects of Rac1 silencing observed on NHDF proliferation and c-myc phosphorylation suggest that the signaling interactions between Rac1 and cell regulatory proteins are eventually mediated by c-myc, but differ between different cell types like skin fibroblasts and epidermal stem cells.
